Abstract--We have made an experimental study of the isomerization of fructose and glucose by glucose isomerase in two forms: one soluble and the other immobilized by being fixed in a gel matrix. For the latter technique we used a fixed-bed differential reeirculation reactor, which allowed us to obtain comparable results to those we got with the enzyme dissolved within a batch reactor. We propose a simple method of comparing the results obtained in both systems, which permits us to determine the relative activity of each enzyme and also the effective diffusivity in the immobilized enzyme. The values obtained for the latter indicate a tortuosity factor of 2.04, which is lower than that generally found in porous solids but consistent with the results published in the literature for diffusion in gel particles.
INTRODUCTION
The enzymatic isomerization of glucose and fructose with immobilized enzymes is one of the most highly developed processes in the field of enzymatic technology for use in the production of fructose-rich syrups. Nevertheless, notable discrepancies exist in the literature with regard to the kinetics constants of the process involved (Havewala and Pitcher, 1974; Chen and Wu, 1987; Houng et al., 1993) .
The adequate design and analysis of a reactor intended for working with immobilized enzymes on solid supports require an understanding of various characteristics of the catalyst, such as the porosity of the particles and the tortuosity factor. While these parameters are difficult to obtain by conventional techniques, they are essential to any study into the influence of the internal transport, which may modify the rate of the enzymatic reaction considerably.
We describe here a simple way of comparing the results obtained with the enzyme glucose isomerase both in solution and immobilized on a solid support. This method is designed to allow us to determine the relative activity of both forms of the enzyme and also the effective diffusivity of the immobilized state and the tortuosity factor. All these parameters can then be used to discover the elementary kinetic constants of the isomerization process, free of any effects caused by *Corresponding author. the internal transport and their variation with temperature, according to the Arrhenhius equation.
EXPERIMENTAL TECHNIQUE

Materials and methods
We used the enzyme D-xylose-ketol-isomerase [E.C.5.3.1.5] in two different forms: one soluble (Spezyme GI, Genencor International), from Streptomyces rubiginosus, and the other immobilized entrapped in a gel matrix (Sweetzyme T, Novo Industries), from Streptomyces murinus.
Isomerization was carried out in two types of experimental device: the device used for the isomerization which the enzyme Spezyme GI in homogeneous solution was a 250 ml, jacketed reactor, which was constantly stirred and fitted with pH and temperature controls; the other, the design of which appears in Fig. 1 , included a 250 ml storage tank, which fed the fixed-bed, recirculation reactor, in which the immobilized enzyme (Sweetzyme T) was contained between two porous glass slides; this latter reactor is cylindrical, 2.5 cm in diameter and 9.0 cm high. The whole system was thermostatically controlled and the flow across the fixed bed was kept constant at 3.17 ml/s. This flow rate was adequate to eliminate the influence of the external transport and make the fixed-bed reactor function like a differential reactor, as shown by varying the flow rate in a previous work (Jurado et al., 1994) . Under these conditions, the behaviour of the system was equivalent to that in a well-stirred slurry reactor (Levenspiel, 1973) . The isomerization process was begun with fructose solutions at pH 7.5, which is the pH at which the enzymes register their highest activity. We followed the kinetics of the reaction by analysing the concentration of glucose vs time, using the glucose oxidase method proposed by Werner et al. (1970) .
The fructose solution was prepared by dissolving the required amount in a solution of MgSO4" 7H20 at 0.55 kg/m 3 in order to stabilise the enzyme (Lee et al., 1976) . During the experiments we altered the substrate concentration (So = 0.5, 1.0 and 2.0 kmol/m3), the temperature (T = 303, 313, 323 and 333 K), the concentration of the soluble enzyme (cE = 0.2, 2.0 and 6.3 kg/m 3) and the mass of the immobilized enzyme in the fixed bed (me = 0.0035, 0.0050, 0.0070 and 0.014 kg).
Fructose molecular diffusivity, D~, was taken to be the same as that of glucose and estimated for the various solutions used via the equation
based on the data for the molecular diffusivity of glucose found in the literature (Perry et al., 1984; Tanaka et al., 1984; Vos et al., 1990 ) and the viscosity of such solutions, # (Weast and Astle, 1980) .
Characterization of the immobilized enzyme particles
The density and porosity of the dry particles were determined using a mercury porosimeter (Quantachrome Autoscan 60), which attained a pressure of 4.10 x l0 s kPa, the results being Pv = 1310 kg/m 3 and e v = 0.072.
To characterize the wet particles and evaluate the difference between these and the dry ones, we carried out image treatment using an Olympus Zoom stereo microscope attached to a photomicrographic system. Photographs were taken of both the wet and dry particles of the Sweetzyme T catalyst. These were digitalized by scanner (SHARP COLORSCANNER JX-450) and then, using the programmes ADOBE PHOTOSHOP and VISILOG 4.11, we obtained the projected surface, Sp, and the perimeter, P, of each particle.
The mean results for both the wet and dry particles are given in Table 1 , in which, taking the particles to be spherical, dp is the average particle diameter as calculated from the equation
where n is the number of particles involved. The average sphericity, ~, was arrived at via the equation
Once these values are known, the average particle volume, 17p, and average surface area ~p, can be found
When the characteristics of the wet and dry particles have been determined a swelling factor, f, can be defined from the equation f= dph 1.02 x lO-S -1.17 (6) aYp 8.7 x 10 -4 and the wet particles' porosity hole volume (1.17) 3 -0.928 = 0.42 (7) evh = total volume (1.17) 3
where the value 0.928 represents the cm 3 of solids to be found in 1 cm 3 of dry particles, taking into account their porosity, ep. The density of the wet particles will be Pp p~h = ~ = 820 kg/m 3.
RESULTS AND DISCUSSION By following the quantity of fructose in the two experimental devices used we get the equation
where x is the conversion and rm the reaction rate expressed in kmol of fructose converted per second and kg of enzyme. Equation (9) and is an intensive variable that allows us to take into ~o account any variation in enzyme mass and liquid-,; 3.0 phase volume which may occur due to the extraction of samples throughout each experiment; m~ and V~ are 2.0 the enzyme mass and liquid-phase volume during the time ti and At~ represents the time increment between t.0 two consecutive samplings.
On the whole the literature (Straatsma et at., 1983;  0.0.-0.0 Vos et al., 1990; Jurado et al., 1994) reports that the kinetic of the reaction is close to a pseudo-first-order one: rr~ = k°pso(xe -x) (12) where xe represents the equilibrium conversion and kop includes the concentration of the active enzyme per gram of enzymatic compound. Integrating eq. (10) 0.8 into this expression we get y=lln(Xe-X°~ 
0.2 The results obtained in the kinetic experiments, both in the homogeneous phase and with the immobilized enzyme, fit the equation well, as can be seen in the examples shown in Figs 2 and 3. To eliminate 0.0--errors produced by linearization the values for 0.0 kop were determined by non-linear regression using Marquardt's algorithm, and are given in Table 2 , both for the free enzyme (k~v)r and the immobilized one ~/(k~p)~, an expression which includes the effectiveness factor, q, in order to take into account the internal transport.
According to our present knowledge, the reaction in question takes place via the following general mechanism:
ka kl 
which reflects well the influence of So on the results, both with the free and immobilized enzymes, as can be seen in Fig. 4 as an example for the immobilized enzyme. Quite clearly, if internal transport in the particles of the immobilized enzyme exerts an influence on the kinetics of the process, the values of the pseudo-firstorder kinetic constant determined for this enzyme must include the effectivity factor. Nevertheless, it is impossible to make a direct comparison between the values of this constant for the free, (kap)F, and immobilized, ~/(kap)1, enzymes (Table 2) as the concentrations of active enzyme per mass unit of enzymatic compound are normally different. If we allow, however, that the kinetic behaviour of the two forms of the enzyme is the same, Figs 2 and 3, on the basis of the fact that the immobilized enzyme is also in an aqueous solution although contained in small capsules within the gel structure as shown in simplified form in where the value of b can be calculated from the magnitudes which we have determined previously. If we assume that the particles are spherical and that there are no partition effects between the solid phase and the solution, the effectiveness factor can be expressed as tl = tgh(34~l) 3q~1
and thus, recalling eqs (19) and (22),
Equation (24) can be applied to any temperature and total hexose concentration with both free and immobilized enzymes because the magnitudes to be determined, e~ and ~, do not depend upon these variables. By applying non-linear regression of the experimental results to eq. (24) we get eR = 0.50 and z = 2.04.
The value for the tortuosity that we have determined is lower than that generally found in the literature for porous particles, but it must be borne in mind that the behaviour of an enzyme entrapped in a gel matrix is very different from that of a catalyzer adhering to the internal surface of carrier pores.
Once the tortuosity factor has been determined, eq. (21) can be applied to obtain the effective diffusivity values, which are set out in Fig. 6 together with the values found in the literature for the effective diffusivity of glucose in different gels and porous solids used as supports. It can be seen from this figure that our results are consistent with those previously published, although somewhat lower, except for that of Satterfield et al. (1973) , working with an inorganic porous solid, and Nguyen and Luong (1986) , corresponding to a highly concentrated gel. The value for the tortuosity factor of 1.6 given by Siroti and Emery (1983) also corresponds to an inorganic porous solid, although in this case the porosity is much higher than ours.
Apart from this, all the published results concerning different kinds of gel are slightly higher than ours, indicating lower tortuosity factors than in our studies. The result of Tanaka et al. (1984) with Ca-alginate, which practically coincides with the molecular diffusivity, is the only exception to this.
Once the effective diffusivity is known it is then possible to evaluate Thiele's module and the effectivity factor for the experiments made with the immobilized enzyme and thus obtain the kinetic constant (kop)x free from the effects of internal transport. By using the factor eR we have been able to reduce the kinetic constant obtained in the homogeneous phase to the same active enzyme concentration as that of the immobilized enzyme. The values of the kinetic con- Nguyen and Luong (1986) , concentrated gel; (x) Nguyen and Luong (1986) ; concentrated gel; ([3) Houng et al. (1993) , gel; (©) this research, gel. 4163 stants determined for different temperatures and total hexose concentrations are given in Table 3 , which indicates the enzyme these results are derived from. As can be seen, they practically coincide. These (kop)1 values are represented in the way suggested by eq. (18) as a function of hexose concentration (Fig. 7) . It can be seen that, via non-linear regression, the experimental results fit eq. (16) satisfactorily, and recalling eqs (17) and (14), which concern the isomerization equilibrium, it is possible to determine for every temperature the elementary kinetic constants relevant to the isomerization reaction (Table 4) , as well as their dependence on temperature, as Arrhenhius's equation predicts. The variation in these RT J (27) where R is expressed in kJ/kmol K. Similar expressions could be written for the free enzyme by dividing eqs (25)- (27) by the relative activity, eR.
CONCLUSION A method has been developed which enables the comparison of the activity of free and immobilized enzymes which have the same kinetic behaviour, regardless of the origin of the enzyme. This method enables the determination of the relative activity of both enzymes and the effective diffusivity in the immobilized enzyme.
That these parameters vary neither with the total concentration of hexoses nor with temperature in the intervals investigated indicates that the influence of these two variables on the kinetic behaviour of the two enzymes is the same. This fact enables the determination of the kinetic constants of the mechanism proposed. b De dp DM e eR
